A search was carried out for homologues of possible fusogenic proteins to study their function in a genetically tractable animal. The isolation, molecular, and cellular characterization of the Caenorhabditis elegans adm-1 gene (a disintegrin and metalloprotease domain) are described. A glycoprotein analogous to viral fusion proteins has been identified on the surface of guinea pig sperm (PH-30/fertilin) and is implicated in sperm-egg fusion. adm-1 is the first reported invertebrate gene related to PH-30 and a family of proteins containing snake venom disintegrin-and metalloprotease-like domains. ADM-1 shows a domain organization identical to PH-30. It contains prepro, metalloprotease, disintegrin, cysteine rich with putative fusion peptide, epidermal growth factor-like repeat, transmembrane, and cytoplasmic domains. Antibodies which recognize ADM-1 protein in immunoblots were generated. Using immunofluorescence and in situ hybridization, the products of adm-1 have been detected in specific cells during different stages of development. The localization of ADM-1 to the plasma membrane of embryonic cells and to the sheath cells of sensory organs suggests a function in cell adhesion. ADM-1 expression in the hypodermis, pharynx, vulva, and mature sperm is consistent with a putative role in somatic and gamete cell fusions.
INTRODUCTION
Cell fusion is a widely spread phenomenon in animal development. The egg and sperm fuse during fertilization and somatic cell fusions occur between cells such as myoblasts in muscles, osteoclasts in bones, and syncytial trophoblasts in some placentas. The nematode Caenorhabditis elegans is a simple multicellular animal where sexual and somatic cell fusions can be readily studied. Cell fusions occur in the epidermis (hypodermis), pharynx, excretory gland, vulva, uterus, and at fertilization (Sulston and Horvitz, 1977; Sulston et al., 1983) . More than 30% of the somatic nuclei in this organism exist as part of syncytia formed by cell fusion. Specific cell fusions are reproducible membrane fusions is not known. Intracellular proteins form complexes that participate in the recognition, binding, and probably fusion of vesicles with their target membranes (reviewed in Pryer et al., 1992; Rothman, 1994) . Membrane glycoproteins are responsible for the fusion of membrane-bound viruses with their host cells and in some cases mediate cell-to-cell fusion as a pathological manifestation of viral infection (reviewed in White, 1990) . These viral membrane glycoproteins cause fusion while undergoing a dramatic conformational change that mediates the close apposition of the membranes and the insertion of previously unexposed hydrophobic fusion peptides into the membranes (Carr and Kim, 1994) . However, there is no primary amino acid sequence motif in different viral fusion proteins that could point to a universal cell-fusion protein. Only within closely related virus families is there homology between fusion proteins (reviewed in Stegmann et al., 1989; White, 1990 ). Other putative sexual fusion genes isolated in yeast have not been well characterized and homologues have not been identified in other organisms (Trueheart and Fink, 1989) .
PH-30/fertilin is a heterodimer implicated in spermegg recognition and fusion in the guinea pig (Primakoff et al., 1987; Myles et al., 1994) . These sperm surface multidomain glycoproteins share sequence similarity to snake venom hemorrhagic proteins that interfere with integrin-mediated adhesion (Blobel et al., 1992) . It has been proposed that PH-30a is directly involved in sperm-egg fusion via a hydrophobic peptide reminiscent of viral fusion peptides (Blobel et al., 1992;  Myles, 1993) . PH-30a and ,B are synthesized as large precursors; proteolytic processing correlates with acquisition of fertilization competence (Blobel et al., 1990) . Other members of this new multidomain family of membrane proteins containing a disintegrin and a metalloprotease domain (ADAM;1 Wolfsberg et al., 1995) may be involved in different cell-to-cell and cell-to-matrix interactions in mammals (Wolfsberg et al., 1993; Weskamp and Blobel, 1994) . More recently, a new member of the ADAMs family has been identified in muscle and a role in myoblast fusion has been proposed (Yagami-Hiromasa et al., 1995) .
The similarity between snake hemorrhagic venoms and mammalian multifunctional proteins, both containing zinc metalloproteases and disintegrins, is based on sequence homology. It is not known what their functional and evolutionary relationships are 1 Abbreviations used: ACEDB, a C. elegans database; ADAM, protein containing a disintegrin and a metalloprotease domain; ADM-1T, ADM-1 cytoplasmic tail; DAPI, 4',6-diamidino-2-phenylindole; EGF, epidermal growth factor; ELISA, enzyme-linked immunosorbent assay; GST, glutathione S-transferase; nt, nucleotide; PCR, polymerase chain reaction; SL1 and SL2, trans-spliced leaders 1 and 2, respectively; YAC, yeast artificial chromosome. (Hite et al., 1994) . In this article I describe the isolation of a C. elegans gene (adm-1) encoding a multifunctional protein that contains a disintegrin and a metalloprotease domain. The characterization of expression patterns of ADM-1 during development constitutes the first step in determining the precise function of this multidomain protein.
MATERIALS AND METHODS Nematode Strains and Maintenance
Wild-type C. elegans variety Bristol (N2) was cultured as described (Brenner, 1974) .
Isolation and Characterization of cDNA Clones
Standard molecular biological techniques were used (Sambrook et al., 1989; Ausubel et al., 1992) . Using the TBLASTN algorithm (Altschul et al., 1990) , the cDNA clone cml4hlO was identified in a C. elegans database (ACEDB; Waterston et al., 1992 ; Durbin and Thierry-Mieg, unpublished observations) as a partially sequenced DNA-(412 bp) containing sequence similar to mature PH-30s (Blobel et al., 1992) . The sequence similarity of cml4hlO to the Cys-rich domain of mature PH-30s was not recognized initially because of three frame shift errors present in the single read. The 1.9-kb insert was transferred from phage ASHLX2 to plasmid clone pRATII (Palazzolo et al., 1990) , subcloned into pBSKS+ (Stratagene, La Jolla, CA), and sequenced using either the SP6 promoter-specific 19-mer adjacent to the 5' end of the cDNA insert or the T7 promoter-specific 20-mer adjacent to the 3' end of the cDNA insert (Waterston et al., 1992) . Sequence overlaps were obtained by "walking" across the insert using oligonucleotide primers. The 5' end of cml4hlO was polymerase chain reaction (PCR) amplified using primers admaOO (nt 1734-1754: 5'-CTGATGGTCATCTATACGACG-3') and admb31 (nt 2588-2567: 5'-ATTCAGCGCTCCGTAGATCTTC-3') and labeled with [32P]dCTP using an oligolabeling kit (Pharmacia, Uppsala, Sweden). This probe was used to screen a AgtlO cDNA library from a mixed stage population of wild-type C. elegans (gift from S. Kim, Stanford University, CA, via J. Ahringer). Twenty-four positive phages were isolated from 106 phages screened. Three EcoRI fragments derived from phage SK18 were subcloned into pBSKS-(Stratagene). ExoIII-nested deletions were performed on the largest fragment (SK18A), and the complete SK18 cDNA was sequenced.
Reverse Transcription-PCR Analysis, Cloning of the trans-spliced 5' End of adm-1 and Sequencing RNA was prepared from the strain him-8 (el489) (gift from P. Kuwabara) and from N2 animals (Rosenquist and Kimble, 1988) . First-strand cDNA was prepared using the primer admR5 (nt 969-948: 5'-GTTCGACGTATACAGCGGAAAG-3') and M-MLV RNase H-reverse transcriptase (Life Technologies, Middlesex, United Kingdom; Kuwabara et al., 1992) . Second-strand amplification was conducted using primers encoding splice leaders 1 or 2 (SL1 or SL2) that are very frequently trans-spliced to the 5' end of mRNAs and the primer admR4 (nt 779-758: 5'-ATGCTCATGATGATG-GCTCCG-3'). The product obtained from the SL2 amplification contained repetitive sequences and was discarded. Seven clones from four independent PCR reactions using SL1 were sequenced. The cDNA clone SL1P3 did not contain any errors introduced by Taq polymerase.
Single-stranded sequencing using M13kO7 or VCSM13 (Stratagene) helper phages was performed on both strands using Sequenase v 2.0 (U.S. Biochemical). Both strands were sequenced in their entirety at least once. Sequence assembly and analyses were done as described elsewhere (Staden, 1994) . Sequences were compared against the National Center for Biotechnology Information nonre-adm-1: A Disintegrin and Metalloprotease Domain dundant protein database (Altschul et al., 1990) . Comparisons were also performed using the program FASTA (Pearson and Lipman, 1988) . Alignments were done using CLUSTALW (Higgins and Sharp, 1988) , MSP-CRUNCH, and BLIXEM (Sonnhammer and Durbin, 1994) , and then edited by eye using the program Koala (Eddy, Washington University, St. Louis, MO, unpublished observations). Percentage of identities were calculated using the program Clust (Eddy, unpublished observations).
Northern Blot, Southern Blot, and PCR Analyses
Northern blot of C. elegans poly(A+) prepared from a mixed population was hybridized with an adm-1 DNA probe containing 1.5 kb from the 3' end of the cDNA (Rosenquist and Kimble, 1988 Fluorescent In Situ Hybridization SP6 and T7 RNA polymerases were used to synthesize fluoresceinlabeled probes for in situ hybridization. These promoter sequences were introduced in opposite orientations into the template DNA that included the region encoding the cytoplasmic tail and the 3' untranslated region of adm-1 using PCR. Both sense (for negative controls) and antisense RNA probes were synthesized in vitro using SP6 and T7 RNA polymerases, respectively (Albertson et al., 1995) . Whole animals were fixed and hybridized as described previously (Birchall, 1993) .
Production of ADM-1 Cytoplasmic Tail (ADM-1T) Fused to Glutathione S-transferase (GST) or Polyhistidine Tag
Restriction fragments of adm-1 cDNA SK18B encoding the 229 Cterminal amino acid residues within the cytoplasmic domain of ADM-1 (aa 814-1042) were subcloned into pGEX-3X (Pharmacia) and pRSETC (Invitrogen, San Diego, CA) vectors; fusion proteins were overexpressed in E. coli. The ADM-1T-GST fusion protein was affinity purified using glutathione-agarose beads (Smith and Johnson, 1988) . The ADM-lT-his-tagged protein was purified using Ni-NTA resin (QIAGEN GmbH, Hilden, Germany).
Antibody Production
Four sera that had a high titer, as determined by enzyme-linked immunosorbent assay (ELISA), and were specific to the antigen used in the immunization were affinity purified and characterized by immunoblot (see below). The antigens used were different regions from the extracellular domain of the predicted protein (bpl, bp2, and bp3 peptides in Figure 2 ) and a fusion protein between the 229 C-terminal amino acid residues within the intracellular domain of ADM-1 and GST (ADM-lT-GST).
Two rats and two rabbits were immunized with ADM-1T-GST according to standard protocols (Harlow and Lane, 1988) . The sera Vol. 7, December 1996 were passed through columns of GST coupled to CNBr-activated CL4B beads (Pharmacia) to deplete antibodies reacting with GST, and each flow-through was passed through a column of ADM-1T-his coupled to CNBr-activated CL4B beads. The columns were eluted with 0.2 M glycine and 0.1% gelatin (pH 1.89), neutralized, and screened as described below.
Three peptides predicted from the sequence of adm-1 (bpl, bp2, and bp3 in Figure 2 ) were synthesized on a NovaSyn Crystal peptide synthesizer by T. Johnson at the Medical Research CouncilLaboratory of Molecular Biology peptide synthesis facility (Cambridge, United Kingdom) using 1 g of Fmoc-Val-PepSyn-KA resin (Atherton and Sheppard, 1989) . The Cys residues were blocked with acetamidomethyl groups to prevent formation of disulfide-linked aggregates. The peptides were coupled to keyhole limpet hemocyanin (Calbiochem, San Diego, CA) using glutaraldehyde (Harlow and Lane, 1988 ) at a ratio of 1.6 ,uM peptide:2 nM carrier. Four rats and one rabbit were immunized with each coupled peptide. Uncoupled peptide bpl was also used and did not stimulate an immune response. The primary screen of the different bleeds was with an ELISA using peptides or ADM-1T-his bound to microtiter immunoassay plates Immulon 2 (Dynatech Laboratories, Inc. Chantilly, VA) following protocols described by the manufacturer. The uncoupled peptides or fusion proteins (10 ,ug/ml) were bound to the wells. After washing the antigens, serial dilutions of the immune and preimmune sera were used and incubated overnight at 40C. The peroxidase-conjugated secondary antibodies were either goat antirabbit or rabbit anti-rat (Dako, Buckinghamshire, United Kingdom). After incubating for 60 min at room temperature, the plates were washed and the colorimetric reaction was developed, stopped with 1 M H2SO4, and read on a spectrophotometer (Titertek Multiskan MC, Helsinki, Finland). Sera which gave a signal at dilutions of 1:32000 (two rabbits) were affinity purified using columns of peptide (bp2 or bp3, respectively) coupled to Sepharose 4B (Pharmacia). Affinity-purified antipeptide antibodies had a titer of 1:16000 when the column was eluted with 3 M KCNS/0.5 M NH40H (pH 11.5) but only 1:500 when eluted with 0.2 M glycine (pH 1.9). The titers of the flow-throughs were -1:50. After elution the fractions were neutralized and desalted using PD10 columns equilibrated with phosphate-buffered saline (Pharmacia). The ELISA titers of the sera from rabbits and rats immunized with ADM-1T-GST were 1:32000 and 1:8000, respectively. The affinity-purified anti-ADM-1T antibodies derived from rabbits had high backgrounds by immunoblot and immunofluorescence (our unpublished results).
Spleen cells derived from one of the rats that was immunized with ADM-1T-GST were fused to the rat myeloma line YP4 (kindly provided by R. Pannel, Medical Research Council-Laboratory of Molecular Biology, Cambridge, United Kingdom). Hybrids were selected in HAT medium and screened by an ELISA using ADM-1T-his as the antigen, and the positives were cloned by limited dilutions (Harlow and Lane, 1988) . The monoclonal antibody 17B7 was derived from this screen and was positive by ELISA, immunoblot, and immunofluorescence.
Immunoblots and Immunofluorescence
Sera, monoclonal supernatants, affinity-purified antibodies, and flow-throughs were tested in a secondary screen by comparison of nitrocellulose blots of equal protein loading of lysates from mixed populations of wild-type animals. Nematode lysates were prepared by sonication at 0°C in Tris-EDTA buffer, pH 8 (Edgar and McGhee, 1986) , supplemented with 1 mM phenylmethylsulfonyl fluoride and 10 ,ug/ml chymostatin, leupeptin, antipain, and pepstatin A (added from a 10 mg/ml stock in dimethyl sulfoxide; all from Sigma Chemical). Reduced samples were boiled in sample buffer containing 2% SDS and ,3-mercaptoethanol. Nonreduced lysates were sonicated in the presence of 100 ,ug/ml iodoacetamide and then incubated in sample buffer containing 0.5% SDS at room temperature. Lysates were separated on 12% SDS polyacrylamide gels with 5% stacking gels and electroblotted to nitrocellulose. Dried skimmed milk was used as a blocking agent. Antibodies were detected by incubation of the blots with affinity-purified goat anti-rabbit antibodies coupled to peroxidase (Dako) and detected using the ECL kit (Amersham) or followed by "251-labeled protein A; both detection methods gave similar results.
Affinity-purified antipeptide antibodies against different extracellular domains (bp2 and bp3 peptides in Figure 2 ) recognized 115-and 30-kDa bands on Western blots and were used for immunolocalization. Hybridomas were prepared (see above) and several positive clones produced monoclonal antibodies that recognized 114-, 101-, and 43-kDa bands under reducing conditions on Western blots (our unpublished results). One of these monoclonal antibodies against ADM-1T-GST (17B7) was used for immunofluorescence experiments. Immunofluorescence was performed on multiwell slides as described (Podbilewicz and White, 1994) . Five microliters of undiluted affinity-purified antibody or rat monoclonal antibodies per well were used along with 1 ,ul of a 1:50 dilution of the mouse monoclonal antibody MH27 (1:300 final dilution) that stains all of the adherens junctions (Francis and Waterston, 1991) . The spermspecific monoclonal antibody SP56 was used at -40 ,tg/ml (kindly provided by S. Strome via B. Goldstein; Roberts et al., 1986) . The mouse monoclonal antibody 3NB12.13 (Okamoto and Thomson, 1985) was used at a final dilution of 1:2. After 90 min at 22°C or overnight at 4°C, the slides were washed and then incubated with a mixture of 1 ,ug/ml 4',6-diamidino-2-phenylindole (DAPI), fluorescein isothiocyanate-coupled goat anti-mouse (Sigma Chemical) and Texas red donkey anti-rabbit antibodies (Amersham) or CY3 donkey anti-mouse (Jackson Immunoresearch, West Grove, PA) and fluorescein isothiocyanate-coupled goat anti-rat (Sigma Chemical). The specimens were stained with propidium iodide, mounted, observed, and photographed as described previously (Podbilewicz and White, 1994) .
RESULTS
Identification of cDNAs Encoding ADM-1 To identify putative proteins involved in cell fusion, I chose to isolate a novel member of the ADAMs family of membrane proteins containing domains with similarities to a disintegrin and a metalloprotease from snake venoms. I searched ACEDB (Durbin and Thierry-Mieg, unpublished observations) using the sequences of the founding members of this family, the guinea-pig sperm mature proteins PH-30a and ,3, which are implicated in mammalian sperm-egg fusion (see MATERIALS AND METH-ODS). One sequence tag was identified, corresponding to the 5' end of a cDNA (cml4hlO; Waterston et al., 1992) . Several independent cDNA clones that correspond to a single locus that maps to the right arm of chromosome III were isolated ( Figure 1B ). This is the first known C. elegans gene encoding a multidomain protein that contains disintegrin-and metalloprotease-like domains, as revealed by DNA sequence analysis. Figure 2 shows the cDNA sequence of adm-1 and the deduced ADM-1 protein sequence. The longest open reading frame of 1042 residues has a predicted signal sequence (boxed) in the amino terminus of the zymogen or preprodomain (in bold), followed by a metalloprotease-like domain, a disintegrin-like domain (underlined), a cysteine-rich domain (in italics) containing a repeat
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-1 00 kb-1 1 (Coulson et al., 1988) from the right arm of chromosome III (modified from ACEDB; Durbin and ThierryMieg, unpublished observations). The orientation of adm-1 in the physical map is not known. cml4hlO hybridizes to Y37D8 (a YAC) but did not hybridize to YACs Y7G11 and Y52B8 nor to cosmids BE10, D2049, and ZC491. Thus, adm-1 is probably in a YAC bridge not covered by cosmids. similar to the epidermal growth factor (EGF; bracketed), a single transmembrane domain (boxed), and a cytoplasmic domain. There are four consensus sequences for asparagine-linked glycosylation (asterisks; Kornfeld and Kornfeld, 1985) : two in the zymogen domain and two in the cysteine-rich domain. Two of the cDNAs sequenced (cml4hlO and SK18) contained poly(A) tails of different lengths in their 3' ends. The 5' end of the gene was obtained by reverse transcription-PCR using an oligonucleotide primer encoding SL1 and one derived from the sequenced SK18 cDNA (see MATERIALS AND METHODS), showing that adm-1 pre-mRNA is trans-spliced preferentially to SL1. About 70% of all C. elegans pre-mRNAs are trans-spliced at their 5' end (Zorio et al., 1994) . Thus, the sequence in Figure 2 represents a full-length mRNA of adm-1 and may encode a multidomain single transmembrane protein.
Sequence Comparison of ADM-1, PH-30s, and Other Members of the ADAMs Family To study the structural organization of ADM-1 protein, the predicted amino acid sequence of the four extracellular domains of ADM-1 were compared with the NCBI nonredundant protein database. Figure 3 shows the alignments of ADM-1 extracellular domains and those from seven mammalian (including both subunits of PH-30/fertilin) and four secreted snake precursor proteins. Figure 4 summarizes the domain organization of ADM-1 compared with snake and mammalian proteins, showing the amino acid identities between different domains as percentages relative to ADM-1. adm-1 has the potential to encode a multidomain membrane glycoprotein containing at least four distinct extracellular domains which include a zymogen or prodomain, a metalloprotease-like domain, a disintegrin-like domain, and a cysteine-rich domain with an EGF-like repeat and a sequence that may serve a fusogenic role similar to viral fusion peptides and the putative fusion peptide of PH-30a (see below). The long charged cytoplasmic domain has no significant homology to the other members of this family of mammalian proteins. The domain organization of ADM-1 is identical to those of PH-30a, ,3, and additional mammalian predicted proteins ( Figure 4 ).
The adm-1 Locus adm-1 maps to yeast artificial chromosome (YAC) Y37D8 (see Figure 1C ). Several overlapping cosmids that map to Y37D8 and two A2001 genomic libraries (a gift from A. Coulson, Sanger Center) were screened with adm-1 cDNA probes. No other previously cloned C. elegans genomic sequence was identified. This suggests that adm-1 maps to a YAC bridge not covered by cosmids. Moreover, since there are no candidate genes genetically mapped to the location of adm-1, this gene is in a location that has not been genetically identified. To investigate whether there are other genes in C. elegans with sequence similarity to adm-1, the nematode genome was screened using three independent methods. First, low-stringency Southern blot hybridizations were performed using probes specific for different domains of adm-1 (our unpublished results). Second, degenerate primers were used in nested PCR experiments on wild-type genomic DNA to try to amplify related genes. This PCR approach has been used successfully to identify a family of disintegrinand metalloprotease-containing genes in the mouse (Weskamp and Blobel, 1994; Wolfsberg et al., 1995) .
Third, searches for adm-l-related genes were performed using the blast program on more than 15% of the 100-Mb genome of C. elegans contained in ACEDB (Durbin and Thierry-Mieg, unpublished observations). Using these three approaches, I was not able to identify any new adm-related genes in C. elegans. Six cDNA tags were found in the databases, all of which correspond to the locus of adm-1 (ykl2hlO, yk22 g4, yk27c6, yk5c4, yk45all, and CEESA15F; available from ACEDB).
Expression of adm-1 in C. elegans Northern blot analysis shows that adm-1 cDNA-derived probes hybridize to a band of 3.6 kb present in mixed stage animals (our unpublished results). Since the predicted full-length adm-1 cDNA without the trans-spliced SL1 and the poly(A) tail is 3413 bp (Figure 2) , it is probably derived from the 3.6-kb mRNA.
To characterize the expression of the product of adm-1, antibodies were generated against different regions of the predicted protein (see MATERIALS AND METHODS). Affinity-purified antibodies recognized ADM-1T-his bound to microtiter plates and a single band of 36 kDa on Western blots ( Figure 5 , lane 2) that comigrated with the purified ADM-1T-his fusion protein stained with Coomasie blue on SDS-polyacrylamide gels (our unpublished results). Addition of excess antigen (purified ADM-lT-GST) to the antibody before and during incubation of the blots resulted in a complete abolishment of the binding to ADM-1-his, indicating that the recognition was specific ( Figure 5 , lane 1). The purified antibodies recognized a major protein in immunoblots of lysates from wild-type C. elegans. To determine whether ADM-1 is found in an oligomeric form, either by covalent or noncovalent interactions with itself or other polypeptides, C. elegans extracts were prepared under nonreducing conditions and incubated at room temperature in the presence of 0.5% SDS. If there is a complex stable in 0.5% SDS at room temperature, a higher molecular weight band will be detected in nonreducing immunoblots. A major band of 114 kDa was detected under reducing conditions ( Molecular Biology of the Cell ing that there are no disulfide bonds between different proteins. Thus, there is no evidence for the formation of covalent or noncovalent SDS-resistant complexes containing the polypeptides specifically recognized by the affinity-purified antibodies.
Developmental Expression of adm-1 mRNA and ADM-1 Protein To study the expression and location of the adm-1 mRNA, in situ hybridization was performed on whole-mount larvae and adults (Albertson et al., 1995) . In young larvae (L1) the mRNAs were localized to the cytosol of many cells, including the syncytial hypodermis (epidermis; Figure 6 ). Weaker staining in the hypodermis was observed in other larval stages and in the adults (Figure 7) . Control animals did not show this localization when they were hybridized with unrelated or sense riboprobes.
During larval development and in the adults, the mRNA was localized to the cytosol of many cells ( Figure 6 ). It was found that adm-1 mRNA was expressed in the hypodermis and in other epithelial cells in the anus, deirids, buccal cavity, and vulva. As a control for the specificity of the adm-1 probe, an antisense unc-54 riboprobe (a body wall muscle myosin) was used (Albertson et al., 1995) . adm-1 mRNA was not localized to the body wall muscles where unc-54 is highly expressed (our unpublished results) but it was localized to the pharynx (Figure 7) . adm-1 mRNA is present throughout postembryonic development in the syncytial hypodermis, hypodermal-derived tissues, pharynx, and in other cells.
To assess the pattern of ADM-1 protein expression during different stages of C. elegans development, embryos, larvae, and adults were fixed and processed for immunofluorescence using the rat monoclonal antibody 17B7 against ADM-1T-GST and affinity-purified antibodies raised against bp2 and bp3 peptides (Figures 2, 8, and 9 ).
Using 17B7, ADM-1 was localized to sperm in the gonads of adult males and inside the spermathecae of hermaphrodites. The staining was punctate in structures inside and surrounding the sperm ( Figure 8A) but excluding their nuclei stained with propidium iodide showing the characteristic condensed chromatin of sperm ( Figure 8B ). The identity of the sperm and the subcellular localization of ADM-1 was confirmed with the sperm-specific monoclonal antibody SP56 which stains the membranous organelles of sperm that fuse to the plasma membrane before fertilization (Roberts et al., 1986 ). 17B7 and SP56 showed similar punctate staining that did not colocalize ( Figure 8A and our unpublished results), suggesting that ADM-1 is localized to different organelles or domains of the plasma membrane. During embryonic development, ADM-1 immunoreactivity was identified in different stages and cells. Embryos from two cells to the beginning of morphogenesis showed punctate staining between cells (Figure 9 , A, C, and E). Embryos from the comma to the twofold stages of elongation had staining localized between ventral hypodermal cells and in the head ( Figure 9E ). Older embryos between two-to threefold stages of elongation had strong immunoreactivity in the luminal domains of the pharynx and buccal cavity (Figure 8 , C-F). After hatching in the different larval stages, there was punctate hypodermal staining. To determine whether the binding of 17B7 to the different tissues was specific, the antibodies were incubated with purified ADM-1T-GST or GST (100 ,tg/ml each) before and during the binding to the fixed worms. Purified ADM-1T-GST but not GST was able to abolish the binding of the antibodies to all of the cells described above. Figure 9 , F and G, shows images recorded and projected with the confocal microscope (Podbilewicz and White, 1994) . Figure 9F shows the staining of the head of an L2 larva with affinity-purified antibody against peptide bp2 of ADM-1 (Figure 2 ). Figure 9G shows the same field stained with the monoclonal antibody MH27 against the adherens junctions of cells revealing the boundaries between hypodermal and pharyngeal cells in the head. Two large cells are detected close to the buccal cavity ( Figure 9F ). These correspond to the sheath cells associated with the chemosensory organs. Two smaller cells in the tail correspond to the sheath cells of the phasmids (our unpublished results). The Figure 2 (on facing page). Sequence analysis of adm-1. The deduced amino acid sequence of ADM-1 is shown above the cDNA nucleotide sequence with key elements highlighted. The putative start methionine is followed by a potential signal sequence (boxed) and a potential site for signal-sequence cleavage (arrow; von Heijne, 1986) . Amino acids in the preproprotein domain are shown in bold (aa 1-220), they are followed by the metalloprotease-like domain (aa 221-435), the disintegrin-like domain (underlined, aa 436-526), the Cys-rich domain (italics, aa 527-632), the predicted transmembrane domain (boxed), and a cytoplasmic domain (aa 770-1042). The cytoplasmic domain of ADM-1 is charged and rich in Ser, Thr, and Pro. Ser9' is a potential site for phosphorylation by mitogen-activated protein kinase (Seger and Krebs, 1995) . This domain has no significant homology to other proteins except for a region between residues 914 and 979, which has 34% identity to a domain of unknown function (residues 202-263) in the ganciclovir kinase from human cytomegalovirus. This protein phosphorylates the antiviral nucleoside analogue ganciclovir (Littler et al., 1992) . The significance of this homology is not yet clear. An EGF-like repeat is bracketed and the potential N-linked glycosylation sites (Kornfeld and Kornfeld, 1985) are indicated with bold asterisks. The polyadenylation signal AATAAA is underlined. The position of three peptides (bpl, bp2, and bp3) that were used to make antibodies are overlined. These sequence data are available from GenBank under accession number U68185. Sulston et al., 1983) . ADM-1 immunoreactivity is maintained throughout development in the sheath cells of the amphids and phasmids. After the second larval stage (L2) the 16 sheath cells of the anterior sensilla localized at the tip of the head are detected by the antibodies against the extracellular domains of ADM-1 ( Figure  9F ; punctate staining top left corner). These sensilla are arranged concentrically (Ward et al., 1975) . Additional punctate staining with the antibodies raised against peptides bp2 and bp3 is present in the syncytial hypodermis ( Figure 9F ), vulva, and mature sperm (our unpublished results). The staining in the sperm, between embryonic cells, in the sheath cells, and in the hypodermis appears to be associated with intracellular membranes and the plasma membrane as predicted from the structure of ADM-1. Subcellular fractionation of mixed staged animals also support the membrane association of ADM-1 (our unpublished results). Using monoclonal and affinity-purified antibodies, ADM-1 was detected in sperm, between embryonic cells, in the pharyngeal apical domain, in sheath cells surrounding the sensory neurons, in vulva, and in the hypodermis. As detected by immunofluorescence, the expression is maintained from the sperm throughout all of the embryonic and larval stages and in the adult. However, there is a developmental regulation of the localization of ADM-1 to different cells and to specific subcellular locations.
DISCUSSION
The function of ADM-1 is unknown. Based on the structure and expression patterns of adm-1 in cells that undergo programmed cell fusions and/or cell adhesions, it is conceivable that adm-1 is active in these processes. Genetic analyses of adm-1 will define its function in C. elegans.
Several lines of evidence suggest a role for ADM-1 in cell adhesion and membrane fusion: 1) In situ hybridization showed that adm-1 RNA is expressed in hypodermal, vulval, and pharyngeal cells during larval development where most somatic cell fusions occur. 2) ADM-1 protein is highly expressed in sperm before fertilization; in the apical domain of the pharynx where muscle and epithelial cell fusions take place either before or after hatching (Sulston et al., 1983) ; in the hypodermis during morphogenesis when embryonic fusions take place (Podbilewicz and White, 1994) , and during vulva formation when many cell fusions occur. 3) Expression in the sheath cells associated with sensilla and between embryonic cells suggests a role in cell adhesion. These cells do not fuse but are very active in intracellular fusions during organelle biogenesis. 4) ADM-1 has structural and sequence similarities to fertilin a from sperm and meltrin a from myoblasts (Blobel et al., 1992; YagamiHiromasa et al., 1995) that are independently involved in mammalian cell fusion events.
Structure of ADM-1
The structure of ADM-1 reveals homologies to snake and mammalian proteins from the ADAMs family at the primary and probably secondary levels (Figures 3  and 4) .
The metalloprotease-like domain of ADM-1 was compared with the primary sequence of other members of the family as well as with the detailed secondary ( Figure 3B ) and tertiary structure of adamalysin II, which is the only snake metalloprotease with a solved crystal structure (Gomis-Ruth et al., 1993) . Adamalysin II is an ellipsoidal molecule with an active site cleft that separates two subdomains. The metalloprotease- Figure 3 (on facing page). Comparison of the predicted amino acid sequence of ADM-1 with members of the mammalian and snake venom metalloprotease/disintegrin family. Alignments are divided into four predicted extracellular domains according to sequence homology. Amino acids are in black boxes at positions of >50% identity. The numbering corresponds to that of ADM-1. (A) Three cysteine residues are conserved in most snake and mammalian precursor domains of this family. Asterisk in Cys189 marks the cysteine that may be involved in the activation of the metalloprotease domain (van Wart and Birkedal-Hansen, 1990; Hite et al., 1994) . (B) Sequence and secondary structure of adamalysin II are shown at the bottom (Gomis-Ruth et al., 1993) . Rectangles indicate a helices (al-a5) and arrows indicate ( sheets (131-135).
Asterisks marking residues involved in calcium ion binding, the zinc-binding motif HEXXHXXGXXH in the active site, and a methionine involved in an "M-turn" (a conformational turn that forms a hydrophobic basement for the active site groups) in adamalysin II are shown above the alignment. Adamalysin II contains two disulfide bonds whereas most snake venoms, mammalian proteins, and ADM-1 have three disulfides. Formation of disulfide bonds between the extra cysteines in helix a5 and between helices 4 and 5 would require some conformational changes in the lower domain (Gomis-Ruth et al., 1993) . (C) The predicted binding site in snake venom disintegrins is indicated by asterisks. Only true disintegrins contain Arg-Gly-Asp (RGD) in this position. The soluble mature and active disintegrins trigramin and rhodostomin start after the gray boxes. Snake venom disintegrins interfere with integrin-mediated adhesion inhibiting platelet aggregation and coagulation (Scarborough et al., 1993) . In PH-30,1 a TDE tripeptide in the position of the RGD of true disintegrins has been suggested to be involved in sperm-egg fusion (Myles et al., 1994) . Mature PH-30,3 starts at the first Ser shown in bold italic. (D) The position of the EGF-like repeat is present in some but not all mammalian genes (boxed), and the putative fusion peptides in PH-30a (Blobel et al., 1992) PH-30(3, cyritestin, and MS2 but is not present in mEAP-I, rEAP-I, HUMMDC I, jararhagin, and RVVX. Between the metalloprotease domain (Zn-protease) and disintegrin domain (Disin) there is a spacer region of variable length (Hite et al., 1994) . The potential fusion peptides in PH-30a and ADM-1 are gray areas in the Cys-rich domain. Sequences in the cytoplasmic domain of the mammalian proteins have no structural similarity. The amino termini of mature PH-30a and ,3 are indicated by arrows (Wolfsberg et al., 1993) . Mammalian proteins: sperm guinea pig PH-30a and (3 (Blobel et al., 1992; Wolfsberg et al., 1993) , rat and monkey epididymal proteins EAP-I (Perry et al., 1992) , mouse testis cDNA cyritestin (GenBank accession no. X64227), mouse monocyte antigen MS2 (Yoshida et al., 1990) , and a candidate breast cancer tumor suppressor HUMMDC I (Emi et al., 1993) . Snake venoms: jararhagin from Bothrops jararaca (Paine et al., 1992) , coagulation factor X activating enzyme from Vipera russeli, RVV-X (Takeya et al., 1992) , hemorrhagic toxin e, Ht-e from Crotalus atrox (Hite et al., 1992) , trigramin from Trimeresurus gramineus (Neeper and Jacobson, 1990) , rhodostomin (kistrin) from Calloselasma rhodostoma (Au et al., 1991) , and adamalysin II from Crotalus adamanteus (Gomis-Ruth et al., 1993) . RVV-X, adamalysin II, and most soluble snake disintegrins and metalloproteases are only known from amino acid sequencing (Hite et al., 1994) .
like domain of ADM-1 may fold like adamalysin. The residues involved in the binding to zinc ions align 2) and lysates of C. elegans (lanes 3-6). Samples were reduced and boiled in 2% SDS (lanes 1-4) or nonreduced and treated at room temperature with 0.5% SDS (lanes 5 and 6) before electrophoresis. The cytoplasmic tail of ADM-1 fused to GST (ADM-1T-GST) was used to immunize rats and affinity-purified antibodies were incubated with the blots (see MATERIALS AND METHODS). Binding to the specific bands was competed out by incubating the antibodies and blots with purified ADM-1T-GST (100 ,ug/ml final; dent metallopeptidases share the consensus sequence involved in zinc ligation (with the exception of carboxypeptidases). The folding of the active site is conserved among the snake venom metalloproteases (adamalysin), astacin, the matrix metalloproteinases (MMP) (e.g., mammalian collagenases), and the larger Serratia proteinase (Blundell, 1994; Bode et al., 1994; Lovejoy et al., 1994) . However, since ADM-1 does not have the conserved His and Glu residues in the zincbinding consensus region (the same is true for cyritestin, PH-30f3, and HUMMDC I), it will probably not bind a zinc ion and will not be an active metalloprotease. The region between a helices 4 and 5 contains a conserved methionine that is part of a hydrophobic basement for the active site groups ( Figure 3B ). ADM-1 contains four Pro residues between a helices 4 and 5 as well as an unusual penta-Gly. These features and the presence of three Glu residues in this subdomain could be important for the activity of ADM-1.
The disintegrin domain is the most conserved among snakes, mammals, and nematodes. Disintegrins are secreted proteins found in snake venoms from a number of different species, and they bind competitively to integrin glycoprotein Ilb-IIIa receptor on the surface of platelets (Gould et al., 1990; Scarborough et al., 1993) . The structures of echistatin (Saudek et al., 1991) and rhodostomin (Adler et al., 1991) have been determined by two-dimensional nuclear magnetic resonance spectroscopy and have revealed that the adhesion recognition sequence RGD was located at the apex of a long loop. The alignment of the 15 cysteine residues of the disintegrin-like domain of ADM-1 with members of the mammalian and snake family suggests that the disintegrin domain of ADM-1 may have a similar tertiary conformation to rhodostomin. Many disintegrin-like snake venoms do not contain the RGD tripeptide, which could result in a change in affinity or specificity of this interaction. Alternatively, the non-RGD disintegrins could interact with integrin receptors using other regions as is observed with many integrin ligands (D'Souza et al., 1991) . There is evidence that peptides containing TDE present in the position of the RGD ( Figure 3C ; asterisks) in PH-30/fertilin P can inhibit sperm-egg fusion in vitro (Myles et al., 1994) . Thus, the disintegrin domain of ADM-1 may have a role in cell adhesion and recognition.
Many soluble snake venoms (Hite et al., 1994) , the heterodimeric membrane protein fertilin/PH-30 (Blobel et al., 1990) , and meltrin a (Yagami-Hiromasa, et al., 1995) (Podbilewicz and White, 1994) . Bars, 10 ,um (A and C); 25 ,um (B and D). ley, 1994) that predicts a 96-kDa polypeptide containing the cytoplasmic tail without most of the preproprotein or zymogen domain. It has been suggested that the pattern of conserved cysteine residues in venom metalloproteases and mammalian proteins represents a novel cysteine motif that may be involved in stabilizing the processing site between the metalloprotease and the disintegrin domains in protein-toprotein interactions and in targeting (Hite et al., 1994) . Furthermore, the presence of an EGF-like repeat in ADM-1, MS2, cyritestin, and PH-30a and f strengthens the possibility of a role for this domain in proteinto-protein interactions.
Expression of adm-1 Tissue and cell specificity of adm-1 expression was analyzed with two independent methods. First, in situ hybridization detected adm-1 mRNA in the cytoplasm of many cells, including the hypodermis and the vulva (Figures 6 and 7) . Second, immunofluorescence detection using monoclonal antibodies against the cytoplasmic tail and affinity-purified antibodies specific to two peptides derived from the cysteine-rich domain revealed staining in the hypodermis, vulva, sperm, pharynx, sheath cells of the sensilla, and between embryonic cells (Figures 8 and 9 , and our unpublished results).
The presence and abundance of adm-1 mRNA did not reflect the expression of the ADM-1 protein. For example, the RNA was highly expressed in the cytoplasm of vulval and hypodermal cells of L4s whereas the protein was detected as weak punctate staining in these tissues. It was difficult to detect mRNA in adults whereas the protein was abundant in plasma membrane and internal membranes of mature sperm. ADM-1 was also localized to the apical subdomain of (Francis and Waterston, 1991 (Ward et al., 1975) . The staining is not nuclear and corresponds to the position of the sensilla. Some punctate staining is seen in the processes and hypodermis. The serum used was affinity purified as described (see MATERIALS AND METHODS). Similar staining was obtained with other affinity-purified fractions that had a high titer using an ELISA and specifically recognized peptides bp2 or bp3 (Figure 2 3) Even in the presence of high levels of mRNA, the hypodermal expression of the protein may be transient. The subcellular localization of ADM-1 analyzed by confocal microscopy is consistent with the subdomain of the plasma membrane of the sheath cells that surround the sensory neurons and the apical domain of the pharynx. Punctate staining in the processes of the sheath cells, in sperm, and in the hypodermis may correspond to vesicular or plasma membrane localization (Figures 8 and 9G ); this will have to be confirmed by immunoelectron microscopy.
Intra-and Intercellular Fusions May Involve adm-1 Activity This work was begun on the hypothesis that if a gene encoding a PH-30/fertilin homologue in C. elegans exists, it may have a function similar to that of the guinea pig protein, namely, a role in sperm-egg fusion or in other cell fusion events. More recently, meltrin a, a new member of the ADAMs family that has sequence similarity to fertilin and ADM-1, was identified in mouse myoblasts and shown to have a role in fusions during myogenesis (Yagami-Hiromasa et al., 1995) . Ectopic expression of full-length or antisense meltrin a in myoblasts slowed their fusion. ADM-1 is the first identified member of the ADAMs family in invertebrates. ADM-1 is expressed in mature sperm before they fertilize the eggs and in many tissues that are formed by cell fusion. The sheath cells of sensilla and the hypodermis are very active in intracellular fusions as revealed by the electron microscopic reconstructions of C. elegans (Ward et al., 1975; Ware et al., 1975; Singh and Sulston, 1978; White et al., 1986) . Moreover, somatic cell fusions are part of the developmental program of C. elegans and most cell fusions occur in the hypodermis or in hypodermal-derived tissues (Podbilewicz and White, 1994) where adm-1 is expressed. Mature fertilin a and meltrin a contain a region in the cysteine-rich domain ( Figures 3D and 4) that is proposed to be a putative internal fusion peptide analogous to fusion peptides in viral fusion proteins (Blobel et al., 1992; Yagami-Hiromasa et al., 1995) . Most viral fusion peptides can be modeled as amphipathic a helices with 8-10 of the hydrophobic bulky residues on one face (White, 1990) . ADM-1 contains a sequence (residues 600-615) that can be modeled as a short amphipathic a helix displaying a face with five hydrophobic residues. The putative fusion peptides of ADM-1, meltrin a, and PH-30a contain one or two prolines near their center as occur in several internal viral fusion peptides (White, 1990) . The sequence also shares a short stretch of amino acids that are 44% and 43% identical (for mature PH-30a residues 82-102 and ADM-1 residues 588-608, respectively) to a potential fusion peptide of the E2 glycoprotein (residues 147-169) of the rubella virus (Blobel et al., 1992) . Similar regions in other mammalian and snake proteins do not share the characteristics of hydrophobic fusion peptides outlined above (with the possible exception of HUMMDC 1, MDC 9, and ADAMs 5, 9, and 11). Whether or not the putative fusion peptide of ADM-1 (or the putative fusion peptides of meltrin a, and fertilin/PH-30a) function as such remains to be determined.
Alternative Functions for ADM-1 Cell fusions have not been found in the sheath cells of the sensilla and between most embryonic cells where ADM-1 was expressed, thus ADM-1 may have other functions in these cells. ADM-1 may be involved in promoting or inhibiting cell interactions occurring during cell recognition, cell fate determination, or cell migrations that could be unrelated to membrane fusion. Metalloproteases have been implicated in a number of intra-and intercellular fusions in different systems (Mundy and Strittmatter, 1985; Roe et al., 1988; Kinoshita et al., 1992; Cross et al., 1994) . ADM-1 does not have a consensus site (HEXXH) for it to be an active metalloprotease; however, the metalloproteaselike domain may have a structural and noncatalytic role (e.g., as a competitive inhibitor of a metalloprotease). Integrin receptors are involved in stable and transient cell-to-cell and cell-to-matrix interactions of developmental importance (Hynes and Lander, 1992) . Snake disintegrins both containing and lacking the RGD sequence compete with the binding between integrin receptors and their ligands (see above). ADM-1 does not have an RGD in its disintegrin-like domain; the function of this domain and the identity of an integrin that may interact with it remain to be determined. ADM-1 may have at least three potential activities associated with the different domains.
Note added in proof. Recently new adm-related sequences were identified and are available from ftp.sanger.ac.uk (cosmid C04A11, cDNAs yk33e9, yk44h3, yk88cll).
